Abstract. To ensure smooth operation of the Pierre Auger Observatory a monitoring tool has been developed. Data from different sources, e.g. the detector components, are collected and stored in a single database. The shift crew and experts can access these data using a web interface that displays generated graphs and specially developed visualisations. This tool offers an opportunity to monitor the long term stability of some key quantities and of the data quality. Quantities derived such as the on-time of the fluorescence telescopes can be estimated in nearly real-time and added to the database for further analysis. In addition to access via the database server the database content is distributed in packages allowing a wide range of analysis off-site. A new functionality has been implemented to manage maintenance and intervention in the field using the web interface. It covers the full work-flow from an alarm being raised to the issue being resolved.
I. INTRODUCTION
The Pierre Auger Observatory is measuring cosmic rays at the highest energies. The southern site in Mendoza, Argentina, has been completed during the year 2008. The instrument [1] has been designed to measure extensive air showers with energies ranging from 10 18 -10 20 eV and beyond. It combines two complementary observational techniques, the detection of particles on the ground using an array of 1600 water Cherenkov detectors distributed on an area of 3000 km 
II. ONLINE-MONITORING FOR THE PIERRE AUGER OBSERVATORY
For the optimal scientific output of the observatory the status of the detector as well as its measured data have to be monitored. The Auger Monitoring tool [2] has been developed to support the shifter in judging and supervising the status of the detector components, the electronics and the data-acquisition.
The detector components are operated differently and therefore the monitoring of their status have different requirements. The stations of the surface detector (SD) operate constantly in an semi-automated mode. Data acquisition must be monitored and failures of stations or of their communication must be detected. The datataking of the fluorescence detector (FD) can only take place under specific environmental conditions and is organized in shifts. The sensitive cameras can only be operated in dark nights with not too strong wind and without rain. This makes the operation a busy task for the shifters that have to judge the operation-mode on the basis of the information given.
The basis of the monitoring system is a database running at the central campus. The front-end is web based using common technologies like PHP, CSS and JavaScript. An interface has been developed for the generation of visualisations. Alarms for situations that require immediate action are first filled into a specified table of the database that is checked by the web frontend.
The content of the database is mirrored on a server in Europe using the MySQL built-in replication mechanism. This way not only the shifter and maintenance staff on site can use the monitoring, but it is also available for experts all around the world.
III. HIGHER LEVEL QUANTITIES IMPLEMENTATION
The data collected in the database can be used to derive higher level quantities such as the up-time of the FD telescopes. This quantity is of major importance since it is a necessary ingredient of flux measurements. The dead-time of each telescopes is recorded in the database. Together with the run information and other corrections retrieved from the database the total uptime for each telescope can be determined individually. The up-time is calculated only for time-intervals of ten minutes, balancing the statistical precision of the calculated up-time due to statistics with the information frequency. A program to execute the calculation is running on the database server and fills continuously the appropriate tables in the database. The web-interface displays the stored quantities. An example of one night of data-taking is given in Fig. 1 . The up-time is available in quasi realtime for the shifter as a diagnostic and figure of merit.
IV. DATABASE DISTRIBUTION FOR ANALYSIS USE
The information collected in the database is a valuable source for analysis, i.e. for studies of the long term stability of the detector. With increasing measurement ONLINE MONITORING OF THE PIERRE AUGER OBSERVATORY Fig. 1 . Example of the web-interface for the display of the uptime. Shown is the uptime-fraction for the six telescopes of one FD building and three nights data-taking.
time the accumulated data is too large for the online usage by the shifter, who usually focuses on the most recent data with high priority on the immediate response of the monitoring system. On the other hand, for analysis usually only a small part of the database is used. Therefore the database is split into monthly pieces containing only single components of the database. These pieces can be transported and used off-site for analysis. Only the most recent portion of the database is retained for use by the online monitoring system, keeping the response of the system fast for the shifter.
V. MAINTENANCE AND INTERVENTION

MANAGEMENT
For the operation of the surface detector an additional web feature has been developed to manage hardware maintenance and operations in the field triggered by alarms. This is a new part added to the SD section of the Auger Online Monitoring web site and covers the full work-flow from an alarm being raised to being resolved.
In order to check all the components of a SD station various sensors are installed in each station. The calibration process runs online every minute and the sensor measurements and the calibration data are sent to the central data acquisition server every six minutes. These data are transferred to the monitoring database. Analysis software checks the database contents once per day to detect long-term problems such as PMT instabilities, discharging batteries, etc. and fills the database alarm table. The dedicated SD alarm web page allows the shifter to view the alarm table in a user friendly way. Since the table can be huge when all alarms are displayed, selection tools are also provided. They allow to look for a particular set of alarms. From an alarm table link, the shifter can easily have access to the web page of the particular SD station, where he can look at different plots in order to judge the reliability of the alarm. An example for a web page displaying an alarm is given in Fig. 2 . From the same page the shifter can consult the history of all alarms that previously occurred on the station and view all the maintenance done or planed for it. Tools are also provided to plot any monitoring or calibration data of the SD station as a function of time.
When a shifter notices an alarm on the Auger Online Monitoring web site, he performs some analysis to check if it is a real alarm requiring an action. He may write a summary into a file and add illustrative plots. Then he contacts the SD Scientific Operation Coordinator (SOC) and SD experts by sending them an email, using the contact link displayed on the footer of every Auger Online Monitoring web page. The link displays a new web page allowing the shifter to enter the the email subject, a comment via a text area, and optional files to upload. After reception of the email, the SD SOC or SD experts can either click on the link automatically added to the email to create a new maintenance request with fields filled out automatically, or connect to the website and add one or more maintenance requests as displayed in Fig. 3 . The SD SOC or an SD expert associates then one or several predefined actions to the maintenance request. They can create a mask for one or several types of alarms from the maintenance web page, so that corresponding alarms will not appear by default in the shifter pages. The task of the SD SOC consists of planning one or several interventions and associating maintenance actions to them. The web interface has been designed to provide the necessary tools to help him. A predefined road map is provided that describes what has to be done during the intervention in order to help the maintenance crew in their work. Returning from the intervention, a maintenance-crew member fills in the actions actually done using the intervention report web page. Doing this "closes" the intervention. Actions not executed can be planned again in another intervention. When no pending action exists on the maintenance, the SD SOC or an SD expert can close the concerned maintenance request, which automatically unmasks the associated masked alarms.
All maintenance, actions and interventions are stored in database tables. Specific web pages with associated tools have been designed in order to view and manage maintenance and interventions.
VI. SUMMARY
A monitoring tool has been developed for the Pierre Auger Observatory to ensure the quality of the recorded data. Data from different sources are collected and stored in a database accessible for the shift crew and experts via a web interface that displays generated graphs and specially developed visualisations. Higher level quantities such as the on-time of the fluorescence telescopes are derived in nearly real-time and added to the database for further analysis. In addition to access via the database server the database content is distributed in packages allowing a wide range of analysis off-site. A new functionality has been implemented to manage maintenance and intervention in the field using the web interface. It covers the full work-flow from an alarm being raised to the issue being resolved. Abstract. For the analysis of air showers measured using the air fluorescence technique, it is essential to understand the behaviour of the atmosphere. At the Pierre Auger Observatory, the atmospheric properties that affect the production of UV light in air showers and the transmission of the light to the fluorescence telescopes are monitored regularly. These properties include the temperature, pressure, and humidity as a function of altitude; the optical depth and scattering behaviour of aerosols; and the presence of clouds in the field of view of the telescopes. The atmospheric measurements made at the observatory describe a detector volume in excess of 30,000 cubic km. Since 2004, the data have been compiled in a record of nightly conditions, and this record is vital to the analysis of events observed by the fluorescence telescopes. We will review the atmospheric monitoring techniques used at the observatory and discuss the influence of atmospheric measurements on estimates of shower observables using real and simulated data.
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I. INTRODUCTION
The Pierre Auger Observatory comprises two cosmic ray extensive air shower detectors: a Surface Detector Array (SD) of 1600 water Cherenkov detectors, and a Fluorescence Detector (FD) of 24 telescopes at four sites overlooking the array. Observations carried out with the FD yield nearly calorimetric measurements of the energy of each primary cosmic ray. The FD telescopes are also used to observe the slant depth of shower maximum (X max ), which is sensitive to the mass composition of cosmic rays. Simultaneous shower measurements with the SD and FD (hybrid events) provide high-quality data used in physics analysis and in the calibration of the SD energy scale.
The crucial roles of hybrid calibration and shower measurement performed by the FD depend on detailed knowledge of atmospheric conditions. Light from extensive air showers is produced in the atmosphere, and it is transmitted through the air to the observing telescopes. The production of fluorescence and Cherenkov photons in a shower depends on the temperature, pressure, and humidity of the air. Moreover, as the light travels from the shower axis to the fluorescence telescopes, it is scattered from its path by molecules and aerosols. Therefore, atmospheric conditions have a major impact on shower energies and shower maxima estimated using the fluorescence technique.
To characterise the behaviour of the atmosphere at the Pierre Auger Observatory, extensive atmospheric monitoring is performed during and between FD shifts. Fig. 1 depicts the instruments used in the monitoring program. Atmospheric state variables such as pressure, temperature, and humidity are recorded using meteorological radio soundings launched from a helium balloon station [1] , and conditions at ground level are recorded by five weather stations. Aerosol conditions are measured using central lasers, lidars, and cloud cameras [2] , [3] , [4] , as well as optical telescopes and phase function monitors [5] , [6] . The atmospheric data have been incorporated into a multi-gigabyte database used for the reconstruction and analysis of hybrid events. We describe the use of these data in estimates of shower light production (Section II) and atmospheric transmission (Section III), and in Section IV we summarise systematic uncertainties in the hybrid reconstruction. Comparison of reconstructed energies of simulated showers using fluorescence models from AIRFLY [7] and Keilhauer et al. [8] . The uncertainties refer to RMS variations. The AIRFLY model was applied using monthly averages for p and T , constant collisional cross sections, and no water vapour quenching; the Keilhauer model was applied using balloon data, T -dependent collisional cross sections, and water vapour quenching. Right: Comparison of X max using the two models.
II. ULTRAVIOLET LIGHT PRODUCTION Cherenkov and fluorescence production at a given wavelength λ depend on the pressure p, temperature T , and vapour pressure e of the air. The Cherenkov light yield can be determined from the index of refraction of air, but the weather-dependence of the fluorescence yield is considerably more difficult to calculate. This is due to quenching of the radiative transitions of excited N 2 by collisions between N 2 molecules, collisions between N 2 and O 2 , and collisions between N 2 and water vapour. The collisional cross sections depend on temperature and must be determined experimentally [7] , [9] . Estimates of these effects in the field are further complicated by significant daily and seasonal variability in the concentration of water vapour.
In Malargüe, the altitude dependence of air pressure, temperature, and relative humidity are measured up to about 23 km above sea level using balloon-borne radio soundings. Balloon launches are performed roughly every five days, and as of this writing there have been 287 successful launches since 2003. Due to the limited measurement statistics, the balloon data were used to create monthly models of atmospheric state variables for use in shower analysis. The models, first introduced in 2005, have recently been updated to include more radiosonde data and humidity profiles [1] .
The use of monthly models in the reconstruction provides a significant reduction in systematic uncertainties with respect to the use of a global, static atmospheric model. For example, reconstructing air showers with the 1976 U.S. Standard Atmosphere rather than local monthly models shifts X max by 15 g cm −2 , on average [10] . When the monthly models are used, a small systematic uncertainty remains due to the daily variability of the atmosphere. We estimate the size of the effect using simulated proton and iron showers between 10 17.7 and 10 20 eV. The showers were reconstructed with monthly average profiles and compared to a reconstruction using 109 cloud-free radio soundings. We find that the monthly models introduce minor systematic shifts into the reconstructed energy (∆E/E = −0.5%) and shower maximum (∆X max = 2 g cm −2 ). More significant systematic shifts are caused by the collisional cross sections σ NN (T ) and σ NO (T ) and the water vapour cross section σ(e). We have calculated the effect using simulated showers with UV light generated according to fluorescence models published by AIRFLY [7] and Keilhauer et al. [8] . The addition of T -dependent collisional cross sections and water vapour quenching systematically increases the energy by 5.5% and decreases X max by 2 g cm −2 , partially offsetting the uncertainties due to atmospheric variability. The combined effects of quenching and variability are shown in Fig. 2 . The uncertainties RMS(∆E/E)= 1.5%−3.0% and RMS(∆X max )= 7.2 − 8.4 g cm −2 , which increase in the energy range 10 17.7 − 10 20 eV, are caused by the variability of atmospheric conditions.
III. ULTRAVIOLET TRANSMISSION
When the light from an air shower travels to an FD telescope, it is absorbed and scattered by molecules and aerosols. The attenuation of light is given by the optical transmittance T . In a horizontally uniform atmosphere, the transmittance from an altitude h to the ground through a slanted path of elevation ϕ is
where the exponential term is the Beer-Lambert law, τ (λ, h) is the total vertical optical depth between the ground and altitude h, and H.O. is a higher-order single and multiple scattering correction. The total optical depth is simply the sum of the molecular and aerosol optical depths, which must be either estimated or measured.
A. Molecular Attenuation
In the lower atmosphere, the attenuation of near-UV light by molecules is predominantly due to scattering. Hence, the vertical molecular optical depth between the ground and altitude h can be calculated from
where N is the number density of scatterers and σ R is the Rayleigh scattering cross section [11] . The altitude profiles of pressure, temperature, and vapour pressure can be used to calculate N (h) and σ R (λ, h); hence, data from radio soundings or monthly average profiles completely describe molecular scattering. Transmission uncertainties due to the use of monthly models are included in the values reported in Section II.
B. Aerosol Attenuation
Aerosol attenuation does not have a general analytical solution, and so knowledge of aerosol transmission requires direct field measurements of the aerosol optical depth. To estimate the transmission, we assume the form
where τ a (λ 0 , h) is the vertical aerosol optical depth profile recorded at a single wavelength λ 0 , and the wavelength dependence of τ a (λ, h) is parameterised by the exponent γ [6] , [12] . Hourly measurements of the vertical aerosol optical depth profile are carried out using two central lasers [2] (λ 0 = 355 nm) and four lidar stations [3] (λ 0 = 351 nm). As shown in Table I , more than 13 000 site-hours of aerosol data have been collected since 2004 using the Central Laser Facility. The data are required inputs to the hybrid physics analysis, and roughly 80% of hybrid events can be reconstructed using aerosol measurements. We have propagated the measurement uncertainties in the hourly aerosol data into the reconstruction of real hybrid events observed since 2004. Over the energy range 10 17.7 −10 20 eV, the average systematic uncertainties in energy increase from ∆E/E = +3.6 . For the RMS, we make the preliminary estimates RMS(∆E/E)=1.6(1 ± 1)% to 2.5(1 ± 1)% and RMS(∆X max )=3.0(1 ± 1) g cm −2 to 4.7(1 ± 1) g cm −2 . The uncertainties are dominated by the aerosol optical depth, with minor contributions from the exponent γ and the aerosol phase function. The use of hourly aerosol data offers a significant improvement over a static aerosol model, which if used would increase the systematic uncertainties by a factor of two.
Small horizontal nonuniformities in the vertical aerosol distribution also introduce energy-dependent uncertainties into the reconstruction. The contribution to the average uncertainties is negligible, but over the same energy range, we estimate the effect of the uniformity to be RMS(∆E/E)= 3.6% − 7.4% and RMS(∆X max )= 5.7 − 7.6 g cm 
C. Multiple Scattering Corrections
While molecular and aerosol scattering primarily attenuate shower light as it propagates to an FD telescope, it will also increase the detected signal by scattering photons into the telescope. This causes a systematic overestimate of the shower signal, particularly at low altitudes where the density of scatterers is greatest.
Several Monte Carlo studies have been carried out to parameterise the multiply-scattered component of shower light as a function of optical depth [13] , [14] . Using real hybrid events, we have found that a failure to account for multiple scattering will cause overestimates of 2%−5% in shower energies and 1−3 g cm −2 in X max , where the overestimates increase with energy. Once multiple scattering is included in the reconstruction, the systematic differences between various multiple scattering parameterisations are ∆E/E < 1% and ∆X max ≈ 1 g cm −2 for all energies.
D. Attenuation by Clouds
Clouds strongly attenuate UV light, and therefore have a major influence on FD measurements. By blocking the line of sight to high altitudes, cloud layers can bias a fluorescence telescope toward the detection of deep showers and alter the effective aperture of the FD. To monitor clouds and correct for these effects, cloud layers are tracked using the elastic lidar stations and four IR cloud cameras [3] , [4] . Data from these instruments are stored in an hourly database of cloud height and coverage above each FD site, up to an altitude of 12 km.
The lidar cloud database has been used to analyse the cloud conditions in Malargüe [3] , and the data indicate clear conditions during 50% of measured hours, and < 25% coverage in 60% of measured hours. The remaining hours are affected by moderate to heavy cloud coverage; > 80% sky coverage occurs in 20% of the lidar measurements. The number of hybrid events affected by cloud obscuration is reduced with strong cuts on the shape of reconstructed shower profiles. Showers must also be reconstructed with an hourly aerosol profile from the Central Laser Facility, weighting the data toward periods with relatively unobstructed views to the center of the SD. For the surviving events, a cut of < 25% lidar cloud coverage has been applied and compared to the dataset with no lidar cuts (Fig. 3) . Over the energy range 10 18 to 10 19.5 eV, a 4% reduction is observed in the flux if no cloud cut is applied. Clouds also increase measurements of X max by blocking the upper part of the FD fiducial volume; without the lidar cloud cut, we find a systematic increase in X max of 3 g cm −2 at all energies.
IV. SUMMARY OF SYSTEMATIC UNCERTAINTIES
The Pierre Auger Observatory has accumulated a large database of atmospheric measurements relevant to the production of light in air showers and the transmission of the light to fluorescence telescopes. We have propagated the uncertainties of the atmospheric data into the reconstruction, and estimated the size of effects such as collisional quenching and multiple scattering. The systematic uncertainties are summarised in Table II. Aside from large "quenching effects" on the fluorescence yield, the uncertainties are dominated by the variability of the molecular atmosphere and the uniformity and uncertainties of the aerosol optical depth. The combined uncertainties are, approximately, ∆E/E ≈ 4% − 8%, RMS(∆E/E)≈ 5 ± 1% to 9 ± 1%, ∆X max ≈ 4 − 8 g cm −2 , and RMS(∆X max )≈ 11 ± 1 g cm
to 13 ± 1 g cm −2 . The atmospheric data provide a significant improvement over static weather models, reducing the systematic uncertainties by approximately a factor of two. Abstract. Atmospheric parameters, such as pressure (P), temperature (T) and density (ρ ∝ P/T), affect the development of extensive air showers (EAS) initiated by energetic cosmic rays. We have studied the impact of atmospheric variations on EAS with data from the array of surface detectors of the Pierre Auger Observatory, analysing the dependence of the event rate on P and ρ. We show that the observed behaviour is explained by a model including P and ρ and validated with full EAS simulations. Changes in the atmosphere affect also the measured signal, with an impact on the determination of the energy of the primary particle. We show how the energy estimation can be corrected for such effects.
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II. IMPACT OF ATMOSPHERIC EFFECTS ON EAS AND
26
THEIR MEASUREMENT
27
The water-Cherenkov detectors are sensitive to both influence the signal measured in the detectors and in 32 particular S(1000) [1] . Pressure (P) and air density (ρ) 33 are the properties of the atmosphere that affect EAS 34 the most. P changes are associated to changes in the 35 column density of the air above the detector, and hence 36 affect the age of the EAS when they reach the ground. 
where S 0 is the signal that would have been measured 55 at some reference atmospheric conditions with pressure 56 P 0 and density ρ 0 .
57
The fraction of the signal at 1 km of the core due to 58 the e.m particles is taken as F em = F 0 − 0.5(sec θ − 1) 59 with F 0 = 0.65 + 0.035 log(E/EeV) that provides a 60 reasonable fit to the results of proton EAS simulated for 61 zenith angle θ < 60
• and energies E = 10 18 to 10 19 eV. 62 The P correlation coefficient is:
where X = X v sec θ is the slant depth with X v = 64 880 g cm −2 the grammage at the detector site. Λ is an 65 effective attenuation length associated to the longitudinal 66 development of the EAS at 1 km from their core and g is 67 the acceleration of gravity. The depth of the EAS maxi-68 mum at 1 km from the core isX m X m +150 g cm −2 , 69 with X m [700 + 55 log(E/EeV)] g cm −2 being the 70 average value of the EAS maximum at the core measured 71 by the FD [4] . Due to the flat longitudinal development 72 of the muons, no significant P dependence is expected 73 conditions is related to E r as follows:
where
95
If we focus on a given θ bin, the rate of events per unit
where J is the flux of CRs and A(S) is the instanta-98 neous acceptance of the experiment. It will be of the 99 form A(S) = κ (S), where κ is a constant global 100 factor proportional to the area of the SD and the solid 101 angle considered, while (S) is the trigger probability. 102 Assuming that the CR spectrum is a pure power law, 103 i.e dJ/dE 0 ∝ E −γ 0 , and using eq. (2) and neglecting 104 the small energy dependence of the coefficients α ξ , we 105 can derive the corresponding dependence of the rate of 106 events:
with the coefficients modulating the rate of events being 108 a ξ ∆ξ = B(γ − 1)α ξ ∆ξ. This expression implies that 109 for any given values of S m and S M , the associated rate 110 of events will have the same modulation, regardless of 111 whether the acceptance is saturated ( (S) = 1) or not. As explained in section II, the observed modulation in 167 the rate of events (see Fig. 1 per unit time in a given θ bin and above a given energy:
the relative change in the rate of events above a given 176 energy under changes in the atmosphere is:
where we took for simplicity E ∝ S. Integrating by 178 parts, we obtain: 
193
We have implemented the energy correction on the data 
VI. CONCLUSION
208
We have studied the effect of atmospheric variations 209 on EAS measured by the array of surface detectors of 210 the Pierre Auger Observatory. We observe a significant 211 modulation of the rate of events with the atmospheric 212 variables, both on seasonal scale (10%) and on a shorter 213 time scale (2% during the day). This modulation can be 214 explained as due to the impact of P and ρ changes on 215 the EAS development, which affect the energy estimator 216 S(1000). Comparing the coefficients obtained from data, 217 EAS simulations and expectations from the model built, 218 a good agreement is reached, not only for the overall 219 size of the effect but also for the θ dependence. By 220 taking into account the atmospheric effects on the signal 221 and energy estimation on a event-by-event basis, we 222 are able to correct the observed rate of events for the 223 seasonal modulation, thus allowing the search for large 224 scale anisotropies at the percent level down to energies 225 around 10 18 eV [7] . 
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I. THE PIERRE AUGER OBSERVATORY
Primary particles with ultra high energy from 10 18 eV to the extreme region of the GZK cutoff [1] interact in the atmosphere at nearly speed of light and create extensive air showers (EAS). The Pierre Auger Observatory [2] measures their flux, arrival direction distribution and mass composition by detecting EAS with high statistics. The Observatory includes two sites: Auger South site fully completed and operational in the Pampa Amarilla (Argentina) and Auger North site planned to be installed in Colorado (USA). The Auger South detector consists of the Fluorescence Detector (FD), 24 fluorescence telescopes collected in 4 sites on the top of natural hills, ovelooking the Surface Detector (SD), 1660 waterCherenkov detectors deployed on a triangular grid of 1.5 km spacing over a wide area (3000 km 2 ). A single telescope is composed by an aperture system, a spherical mirror and a camera of 440 photomultipliers (PMTs). The signals from the PMTs are amplified, filtered and continuosly digitised by 10 Mhz 12 bit FADCs [3] . The fluorescence telescopes take data every month for a period (FD shift) of approximately 15 days, since one week before to one week after the new moon.
II. AIM OF THE FD CALIBRATION
The amount of scintillation light produced by an EAS is directly proportional to the energy deposited by the shower in the atmosphere. One FADC bin from the j th PMT represents light from a particular segment of atmospheric depth ∆X. The conversion from energy deposited to the FADC count is given by
where dE/dX is the rate of energy deposit in that segment of shower track, Y γ is the fluorescence photon yield per unit of energy deposit, T is the atmospheric attenuation factor (mainly due to Raylegh and Mie scattering), A is the telescope aperture and r is the light path in the atmosphere from the EAS towards the telescope, C abs j is the absolute calibration factor. C abs j depends on the optical efficiency of the telescope, on the quantum efficiency, the photoelectron collection efficiency and the gain of the PMTs and on the chargeto-digital conversion in the FADCs. An absolute and relative optical calibration of all telescopes is needed to determine the absolute convertion of photon yield to ADC counts.
III. OVERVIEW OF THE FD OPTICAL CALIBRATION
SYSTEM
Different methods are adopted to calibrate the FD [4] , among these are the absolute calibration, performed occasionally to follow the long-term behaviour, and the relative calibration performed daily to follow the shortterm behaviour of the photomultiplier. The absolute endto-end calibration [5] , [6] , [7] uses a cylinder with a diameter of 2.5 m, called drum creating uniform illumination from an LED light source at 375 nm. The absolute calibration of the drum is based on a Si photodiode calibrated at NIST [8] . The drum can be mounted at each telescope entrance aperture once or twice in a year. This measurement gives the C abs j conversion factor from photons to ADC counts (eq.1). Three different (Cal A, Cal B, Cal C) relative optical calibrations [9] are performed to monitor different parts of the telescope, its daily performance and time variations between two subsequent absolute calibrations.
• In the Cal A calibration ( fig.1) , the light pulses are produced with a bright (470 nm) LED, transmitted from the source to a 1 mm thick Teflon diffuser located in the center of the mirror. The light illuminates directly the camera. This calibration monitors only the behaviour of the photomultipliers.
• In the Cal B calibration ( fig.1) , the light pulses are produced with a Xenon flash lamp and transmitted to a 1 mm thick Teflon diffusers located on the center of two sides of the camera. The light illuminates the mirror and then is reflected to the camera. This calibration is aimed at checking the change in the reflectivity of the mirror and the behaviour of the PMTs.
• In the Cal C calibration ( fig.1) , the light pulses are flashs from a Xenon lamp to diffusers located just outside the entrance aperture. The light illuminates a reflective, removable Tyvek screen inserted outside the UV filter and then is reflected back towards the mirror. This calibration is intended to check the whole chain through the filter, reflection by the mirror and the behaviour of the PMTs. The relative calibration measurements are performed twice per night, at the beginning and at the end of the FD data acquisition, to track variations throughout the data taking, for every night during the FD shift.
IV. NIGHTLY CAL A RELATIVE CALIBRATION
To perform one Cal A calibration measurement, 50 LED pulses (N LED ) at a rate of 1/3 Hz with square-type waveform ( fig. 2 ) are generated. The FD data acquisition is triggered externally and the PMT signals are stored in files of 25 MB size. For a given telescope, calibration raw data are processed to extract the mean integral charge < Q CalA > j,k for the j th photomultiplier computed as the average over N LED in the k th calibration measurement: where
is the sum of n ADC FADC counts for the i th LED pulse, subtracted the signal pedestal, in the t start ≤ l ≤ t stop integration gate; l is a single 100 ns FADC time bin , t start and t stop are respectively the first and the last l where the signal can be considered over threshold according to given conditions. Different algorithms to scan the Cal A signal have been developed. Consistency cross-checks have been carried out and have shown an excellent agreement among different codes.
V. THE RELATIVE CALIBRATION CONSTANTS
The Cal A data amount (about 40 GB equal to 1.5 × 10 3 files per year per telescope) is stored partly on tapes and partly on disks at the Pierre Auger Observatory. In order to reduce the impact of data transfer on the existing 
The reference run (one per each telescope) is taken within one hour after the absolute calibration measurement. The ratio in eq.4 is the C 5 ). In addition, seasonal variations of 3 − 4 % have been observed in all telescopes, likely due to temperature variations in the buildings lodging the telescopes (fig.5) . The observed loss of gain, averaged over all telescopes, is less than 2 % per year. It does not affect the life time of the FD so far. The system is currently very stable.
VII. PRODUCTION OF THE NIGHTLY ABSOLUTE DATA
BASE
The Cal A relative calibration permits an absolute calibration database (DB) to be created each night. To compensate for the short-and long-term variations in the telescope response and to minimize calibration uncertainties, absolute calibration constants C abs j,k for the j th photomultiplier and the k th calibration measurement are produced on a nightly basis. They are based on the absolute calibrations but are rescaled depending on the PMT response according to
To produce the nightly DB, only Cal A relative calibration measurements acquired at the end of the FD data taking are selected as their response is more stable. A steady procedure has been developed to produce nightly absolute calibration constants. Three years (2006 ÷ 2008) of calibration data for all the telescopes, including for the first time the final six telescopes that were commissioned in February 2007, have been used to produce the latest version of the nightly database. It contains about 6 × 10 6 absolute calibraticn constants, its size is 0.9 GB. In the current DB, a flag is assigned to each PMT to record the goodness of the corresponding calibration constant, according to criteria that take any hardware or software failure in the calibration system, in the camera or in the front-end electronics into accont. The 99.5% of calibration constants comes out to have an expected value, only the 0.5% of them is out of range and has to be rejected. Lastly, before each release of new costants, physics tests are performed and their outcome compared with known references to validate them.
VIII. CONCLUSIONS
Three years of relative calibration measurements for all the fluorescence telescopes of the Pierre Auger Observatory have been analysed. The short-and long-term behaviour of the photomultipliers of the Fluorescence Detector has been monitored. A steady procedure has been developed to produce 6 × 10 6 nightly absolute calibration constants, including for the first time the final six telescopes commissioned in February 2007. 
I. INTRODUCTION
At the Pierre Auger Observatory [1] , extensive air showers (EAS) induced by ultra-high energy cosmic rays are studied. The observatory consists of two detector types, a surface detector (SD) for secondary particles of EAS and fluorescence detector (FD) telescopes for UVemissions by nitrogen molecules in the atmosphere. The fluorescence technique provides an almost calorimetric measurement of the primary energy of cosmic rays.
However, the constantly changing conditions of the atmosphere demand a sophisticated monitoring system [2] . The reconstruction of air showers from their UV-emission requires proper characterisation of atmospheric state variables such as pressure, temperature, and humidity, as well as the optical transmittance due to aerosol contamination and the presence of clouds [3] . The state variables of the atmosphere above the Pierre Auger Observatory are determined using meteorological radio soundings, while aerosol and cloud conditions are measured by two central lasers, four elastic LIDARs, and four cloud cameras [4] .
The sounding data have been incorporated into monthly models, and aerosol and cloud data into an hourly database [4] . However, for events of particular physical interest, such as very high-energy showers, it is desirable to measure the properties of the atmosphere as accurately as possible. To improve the resolution of the atmospheric database for such events, dedicated radio soundings and LIDAR measurements can be triggered by an online event reconstruction. We will discuss the motivation for such measurements (Section II), the operation of the online trigger (Section III), and the use of dedicated atmospheric measurements in the offline reconstruction (Section IV).
II. MOTIVATION FOR RAPID MONITORING
Between 2002 and 2005, radio soundings were performed at the observatory during dedicated measurement campaigns. Since mid-2005, the soundings have been performed approximately every fifth day. The measurements obtained by launching weather balloons provide altitude profiles of the air temperature, pressure, and relative humidity up to about 23 km above sea level. Due to the limited statistics of the measurements, the data have been incorporated into monthly models of conditions near Malargüe, Argentina, the site of the southern part of the Pierre Auger Observatory [4] , [5] .
Using monthly models instead of actual profiles introduces an uncertainty of the primary energy of ∆E/E= 1.5% − 3% for showers with energies between ≈ 10 17.7 eV and 10 20 eV, and a corresponding uncertainty ∆X max = 7.2 − 8.4 g cm −2 of the position of the shower maximum. While it is not practical to perform a radio sounding every night, the reconstruction can be improved for a subset of the EAS data by concentrating the soundings in periods when high-quality events are observed. This subset of EAS events is particularly important because they contribute to the energy scale determination of the entire observatory [6] .
For aerosol measurements, the LIDAR stations conduct automated hourly sweeps of the atmosphere above the observatory to estimate the vertical aerosol optical depth, cloud height, and cloud coverage [7] . The hourly sweeps are sufficient to characterise changing aerosol conditions, but a more rapid response is necessary to identify moving clouds between shower tracks and the FD telescopes observing the event. To accomplish this, the LIDARs are capable of interrupting their hourly sweeps to scan interesting shower tracks for atmospheric non-uniformities [7] , [8] .
III. ONLINE TRIGGER
To select events for monitoring with radio soundings and/or LIDAR scans, an online reconstruction is used to trigger balloon launches and the LIDAR hardware. As data are acquired from the FD telescopes and SD, they are merged by an event builder into hybrid event files, and passed to the reconstruction software. The software is the same as that used for Off line event reconstruction [9] , including the latest versions of the detector calibration databases. In this way, the LIDAR and balloon triggers can be constructed with the same quality as the offline physics analysis.
The reconstruction loop runs every 60-90 seconds, and reconstructs events between 2 and 10 minutes after their detection 1 . Events with reconstructible dE/dX longitudinal profiles are used to trigger LIDAR and sounding measurements following the application of basic quality cuts. The LIDARs trigger on showers with E ≥ 10
19 eV in combination with given quality cuts on the reconstruction of the shape of the longitudinal profile. These events are typically of high quality and the rapid monitoring is to ensure that no atmospheric impurity has altered the reconstruction result. To allow the investigation of shower observations affected by clouds and other non-uniformities in the atmosphere for possible longitudinal profile corrections in the future, few events of lower quality with E 10 18.78 eV can also pass the trigger conditions. This yields up to one scan per night. A balloon launch is triggered for events with E ≥ 10 19.3 eV and a profile fit χ 2 /NDF < 2.5. All trigger conditions have in common that the position of shower maximum has to be well in the field of view and that the observed track has an expedient length.
The quality of the online reconstruction has been checked by comparing with results from the Off line reconstruction. Even though some minor differences in the reconstruction chains are present, the reconstruction quality is excellent. Only some events are missed by the online reconstruction below 10 18 eV, which is well below the required energy threshold for both rapid monitoring programmes. At primary energies of interest, the energy of the primary cosmic ray and the position of the shower maximum are reconstructed very well by comparison with the Off line reconstruction: only below 1% difference for the energy and 2 g cm −2 in X max are expected. The reconstruction cuts for triggering radio soundings yield a trigger rate of 3 to 13 radio soundings per shift 2 depending on season, see Fig 1. In practice, only one launch is performed within 5 hours resulting in about 2 to 6 launches per FD shift.
Triggers for the LIDAR systems are handled automatically by these stations: the hourly scans are halted and the LIDARs sweep into the field of view of the FD telescopes to probe the shower track [7] . To avoid 1 The delay is caused by buffering of station data from the SD. 2 To infer these numbers, the EAS data sample from 2008 was analysed. triggering the telescopes with stray light, the FD data acquisition is vetoed for four minutes, the maximum duration of a dedicated scan. In contrast to the LIDAR, the balloon launches require human intervention. Therefore, a sounding trigger initiates a SMS text message to a technician in Malargüe. The technician then drives to the balloon launching facility and performs the sounding typically within two hours of the detection of the event. This measurement has no interference with any other data acquisition of the Pierre Auger Observatory.
IV. ANALYSIS
During the March -April 2009 FD shift, the rapid monitoring with radio soundings was activated for the first time. We had two nights with successful triggers for the radio soundings. In the second night, it was a stereo event. Both radio soundings could be performed within 1.5 hours after the high-energy air shower. The first trigger was sent at the end of March and the second one at the beginning of April. In Fig. 2 , the difference between the actual measured atmospheric profiles from the radio soundings and the monthly models for the area of the Auger Observatory valid for that month are displayed for the temperature, atmospheric depth, and vapour pressure. For the event in March, the differences between the measured temperature and atmospheric depth profiles and the monthly average model are small. However the considerable amount of water vapour in the lower atmosphere indicates possible distortions of the longitudinal shower profile compared with a reconstruction using the adequate monthly model. A reconstruction of the first event with the actual atmospheric profiles compared with that using monthly models yields a ∆E/E of +0.9% and a ∆X max of +6 g cm −2 . For the event in April, the water vapour content is nearly the same as in the corresponding monthly model. However, the higher temperature close to ground resulting in lower atmospheric depth values will change the reconstructed air shower event. The same two versions of reconstruction as for the first event yield a ∆E/E of -0.5% and -1.0% for the two different FD stations which observed this stereo event and a ∆X max of +4 g cm −2 and +3 g cm −2 .
In the second shift running this programme, we had 10 triggers in 6 nights. The first one was again a stereo event and in the fourth night, there were 3 triggers within 2.5 hours. The fifth night also provided two triggers in 2.5 hours, and in the last night there were 2 triggers within 1 hour. In total, we had 5 radio soundings initiated by high-energy air shower events, because the SMS during the last night were lost.
All events have been reconstructed using two different configurations. The first one represents the status of currently best knowledge, so using the actual atmospheric profiles from the radio soundings in combination with descriptions of fluorescence emission [10] and transmission taking into account all temperature, pressure, density, and humidity effects. The second reconstruction relies on the same descriptions but uses the monthly models for the site of the Pierre Auger Observatory which provide also profiles of water vapour. In Fig. 3 , the resulting differences of the reconstruction procedures are shown for all events during March and April 2009. The stereo events have been reconstructed independently for the two FD stations which observed the extensive air shower. The primary energies of these events vary from the threshold energy up to almost 10 19.7 eV and for the position of shower maximum, values between 654 and 924 g cm −2 slant depth are observed. The given differences are between reconstruction with actual atmospheric profiles and that with monthly models. For the primary energy, we expect an uncertainty of ± 2.5% at E 0 = 10 19.3 eV while using monthly models. The differences between reconstructions using sounding data and the monthly models fit these expectations (Fig. 3 left) . For the position of shower maximum, the expected uncertainty at E 0 = 10 19.3 eV is ± 8 g cm −2 . The reconstruction with monthly models nearly matches these expectation but is biased to one direction for this season (Fig. 3 right) .
The rapid monitoring with LIDARs started in February 2009 and through the beginning of May 2009, the four LIDAR stations at the Pierre Auger Observatory were triggered 29 times. The intention is to investigate atmospheric conditions for those high-energy showers that fail strict analysis cuts due to distortions caused by clouds and aerosols.
For high-energy showers of high reconstruction quality, the LIDAR scans can be used to verify the quality of the atmosphere. In this manner, the scans allow for the investigation of atmospheric selection effects on the highest energy showers. Of the 29 showers probed by dedicated LIDAR scans, 17 passed the strict quality cuts used in the analysis of FD data. The energies of these showers ranges from 10 19 to 10 19.52 eV. The observed shower maxima are between 678 and 808 g cm −2 .
In nearly all cases, the profile fit is of high quality, and the LIDAR data do not indicate the presence of large amounts of aerosols or heavy cloud coverage. One exception is shown in Fig. 4 , in which the light from the upper segment of a shower track is blocked by a thick cloud layer. The backscattered light from the LIDAR scan shows a strong echo near 8 km above ground level, or 650 g cm −2 slant depth along the shower track, confirming the presence of a cloud.
At present, the rapid monitoring with LIDARs is mainly used as a check of the quality of the atmosphere after the observation of high-energy showers. This is quite important for analyses that rely on unusual features in shower tracks, such as exotic particle searches. The LIDAR shots can also be used to remove obscured or distorted sections of a shower track from the analysis. Once sufficient statistics have been collected, it should be possible to use the LIDAR data to correct observed shower tracks for inhomogeneities in the atmosphere. Keywords: atmospheric monitoring, aerosols, clouds
I. INTRODUCTION
Primary cosmic rays at ultrahigh energies (E > 10 18 eV) cannot be observed directly because of their extremely low flux. The properties of primary particles (energy, mass composition, arrival direction) are deduced from the study of the cascade of secondary particles originating from their interaction with air molecules. The Pierre Auger Observatory is a hybrid detector with an array of more than 1600 surface detectors overlooked by 24 fluorescence telescopes grouped in 4 sites each with 6 telescopes at the array periphery. The Fluorescence Detector (FD) is designed to perform a nearly calorimetric measurement of the energy of cosmic ray primaries, since the fluorescence light emitted by nitrogen air molecules excited by shower charged particles is proportional to the energy loss of the particles. Due to the constantly changing properties of the calorimeter (i.e. the atmosphere), in which the light is both produced and through which it is transmitted, a huge system with several instruments has been set up to perform a continuous monitoring of its properties. In particular aerosols are highly variable on a time scale of one hour. We perform measurements of the aerosol parameters of interest: the aerosol extinction coefficient α(h), the vertical aerosol optical depth τ a (h), the normalised differential cross section P (θ) (or phase function), and the wavelength dependence of the aerosol scattering parametrised by theÅngstrom coefficient γ. Recent results showing that cloud coverage has a major influence on the reconstruction of air showers has led to a special effort in clouds monitoring.
II. THE AEROSOL MONITORING SYSTEM
The Pierre Auger Observatory operates an array of monitoring devices to record the atmospheric conditions. Most instruments are used to estimate the hourly aerosol transmission between the point of production of the fluorescence light and the Fluorescence Detectors and for the detection of clouds. If not properly taken into account, these dynamic conditions can bias the showers reconstruction. A map of the Pierre Auger Observatory aerosol monitoring system is shown in fig. 1 . In this paper, systems measuring aerosol optical depth and clouds, which are the main sources of uncertainties, are described. The aerosol optical depth contributes to the uncertainty on energy from 3.6% at E = 10 17.5 eV to 7.9% at E = 10 20 eV, and to the uncertainty on the depth of the shower maximum (X max ) from 3.3 g cm −2 at E = 10 17.5 eV to 7.3 g cm −2 at E = 10 20 eV. The phase function and wavelength dependence contribute 1% and 0.5% in energy and 2% and 0.5% in X max , respectively [2] . Clouds can distort the light profiles of showers, and give a significant contribution to the hybrid exposure of the detector and therefore to the hybrid spectrum.
The Central Laser Facility (CLF) [1] produces calibrated UV laser beams every 15 minutes during FD data acquisition from a position nearly equidistant from three out of four FDs. A similar facility, the eXtreme Laser Facility (XLF), was completed in November 2008, at a symmetric position with respect to the CLF and the FDs. Both systems can produce vertical and inclined laser beams at 355 nm, having a nominal energy of 7 mJ per pulse, which is approximately equivalent to the amount of fluorescence light produced by a 10 20 eV shower. The number of photons reaching the FDs depends on the number of photons at the source and on the atmospheric conditions between the laser and the detector. Using the independently measured laser pulse energy, the aerosol transmission can be inferred. Clouds along the laser beam and between the laser site and the FDs can be identified.
Four elastic backscatter LIDAR stations are operating (the last one since May 2008). Each station has a fully steerable frame equipped with a UV laser, mirrors and PMTs for the detection of the elastic backscattered light. During FD data taking, hourly sets of scans are performed out of the FDs field of view to avoid interference with the FD telescopes to record local aerosol conditions and clouds. Elastic LIDARs also provide a rapid monitoring mode after the detection of events of particular physical interest, scanning very high-energy showers tracks within 10 minutes from detection (Shoot the Shower, StS) [5] . In addition, the Los Leones LIDAR station is equipped with a vertical Raman LIDAR system, detecting the inelastic Raman backscattered light. The molecular Raman cross section is small, therefore during Raman runs the laser is fired at high power to collect enough light. To avoid interference with the FD, Raman LIDAR runs are limited to 20 minutes at the beginning and 20 minutes at the end of the FD acquisition.
A Raytheon 2000B infrared cloud camera (IRCC) with a spectral range from 7 to 14 µm is located on the roof of each FD building to determine the cloud coverage. Each IRCC is housed within a weather protective box and is mounted on a pan-and-tilt device. During FD data acquisition, each IRCC takes a picture of the field of view of the 24 telescopes every 5 minutes, to flag pixels "covered" by clouds. In addition, a full sky scan is performed every 15 minutes to take a photograph of the entire sky above each FD site. A bi-dimensional map of the sky is produced.
Two techniques based on the analysis of FD background data recorded during acquisition have also been developed to retrieve cloud coverage information. Clouds can be identified by studying the changes in the brightness of the night UV sky, appearing as very dark patches against the bright night sky. The FD background data and IRCC analyses are complementary with the LIDAR and CLF studies that provide the height of cloud layers to achieve a better accuracy in cloud studies and obtain a 3-dimensional map of the sky.
III. AEROSOL OPTICAL DEPTH MEASUREMENTS
The light scattered out of the CLF beam produces tracks recorded by the FD telescopes. Laser light is attenuated in its travel towards FDs as the fluorescence light emitted by a shower. Therefore, the analysis of the amount of CLF light that reaches the FD building can be used to infer the attenuation due to aerosols, once the nominal energy is known. An hourly aerosol characterisation is provided in the FD field of view with two independent approaches using the same vertical laser events. The first method (Data Normalised Analysis) consists of an iterative procedure that compares hourly average profiles to reference profiles chosen in extremely clear (aerosol free) nights. The procedure starts with the definition of an average hourly profile obtained merging the corresponding four quarter-hour profiles.
A first estimate of τ a (h) is given by:
where I hour is the average hourly laser profile, I aerfree is the reference profile and θ is the elevation angle of the laser track point at height h. This calculation does not take into account the laser beam scattering due to aerosols; to overcome this, τ first a (h) is differentiated to calculate the extinction α(h) over short intervals in which the aerosol scattering conditions change slowly. Finally, τ a (h) is estimated re-integrating α(h).
The second procedure (Laser Simulation Analysis) compares quarter-hour CLF profiles to simulated laser events generated varying over more than 1100 aerosol conditions to find the best compatibility. Aerosol-free profiles are used to fix the energy scale between simulations and real events. A parametric model of the aerosol attenuation is adopted, described by the Horizontal Attenuation Length (L mie ) and the Scale Height (H mie ) :
where h 0 is the altitude above sea level of the detector.
Aerosol-free nights are needed as a reference in both analyses. A procedure to identify these extremely clear conditions in real data has been developed: the shape of each real profile is compared to the one of an aerosol-free simulated profile using a Kolmogorov test that checks their compatibility. The profile with the highest probability is chosen as the reference. Aerosolfree conditions occur more frequently during austral winter.
An example of the good agreement between a typical hourly vertical aerosol optical depth profiles measured with the Data Normalised and the Laser Simulation analyses is shown in figure 2. The results produced with these two independent analyses are fully compatible, as shown in fig. 3 : the average τ a (3 km) above the detector in the period from January 2005 to December 2008 is 0.04 ± 0.01. In addition to the CLF estimate of aerosol conditions, the four LIDAR stations provide a local estimate of τ a (h) and α(h) using a multiangular inversion procedure [4] . Every hour, the LIDAR telescopes sweep the sky in a set pattern, pulsing the laser at 333 Hz and observing the backscattered light with the optical receivers. However, except for the StS mode [5] and a short hourly set of horizontal shots towards CLF, the LIDAR laser beams point outside the FD telescopes field of view to avoid triggering the detector.
IV. CLOUDS DETECTION
Clouds have a significant impact on shower reconstruction, blocking the transmission of light in its travel from the emission point to the fluorescence telescopes, The four IRCCs record the cloud coverage making a photograph of the field of view of each telescope every 5 minutes during FD acquisition. The image data are processed and a coverage mask is created for each pixel of the telescope to identify cloud covered pixels to be removed from the shower reconstruction procedure. Cloud cameras are not radiometric, therefore each pixel value is proportional to the difference between the temperature in the viewing direction and the average temperature of the entire scene. In fig. 6 , the raw IRCC images of the FD field of view are shown together with the final mask. The database is filled with the coverage for each pixel in the map.
While the IR cloud cameras and the FD background data analyses record the cloud coverage in the FD field of view, they cannot determine cloud heights, that must be measured using the LIDAR stations and CLF. In cloud detection mode, LIDAR telescopes sweep the sky with a continuous scan in two orthogonal paths with fixed azimuthal angle, one of which is along the central FD azimuth angle, with a maximum zenith angle of 45
• . The full scan takes 10 minutes per path. Clouds are detected as strong localised scattering sources, and the timing of the scattered light is related to the cloud height. The cloud finding algorithm starts with the subtraction of the expected signal for a simulated purely molecular atmosphere (S mol ) to the real one (S real ). The obtained signal is approximately constant before the cloud, and has a non-zero slope inside the cloud. A second-derivative method to identify cloud candidates and obtain cloud thickness is applied. LIDARs provide hourly information on cloud coverage and height.
In fig. 7 , the intensity of the backscattered light as a function of height and horizontal distance from the LIDAR station is shown. The Central Laser Facility and the eXtreme Laser Facility can be used to detect clouds along the vertical laser path and between their position and the FDs, looking at the profiles of photons collected at the FD buildings, since clouds can enhance or block the trasmitted light, depending of their position. A cloud positioned directly along the vertical laser track will scatter a greater amount of light in every direction, producing a peak in the light profile. In this case the cloud is directly above the laser facility site, and timing of the scattered light is related to the cloud height allowing to define the height of the cloud layer. If clouds are between the laser source and the FD, a local decrease in the laser light profile is observed. In this case the timing of the received light is not directly related to the cloud height, and only the cloud coverage in the FD field of view can be defined. A database is filled with the informations on the height of the observed cloud layers.
V. CONCLUSIONS
The Pierre Auger Observatory operates a huge system to provide continuous measurements of the highly variable aerosol attenuation and for the detection of clouds, main sources of uncertainties in the shower reconstruction. The highest energy air showers are viewed at low elevation angles by the Fluorescence Detectors and through long distances in the lower part of the atmosphere, where aerosols are in higher concentration and therefore the aerosol attenuation becomes increasingly important. Also clouds have a significant effect on shower reconstruction. All the described instruments are operating, and most of the results are currently used in the reconstruction of shower events.
